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is	 attributed	 to	 crystallite	 coalescence.	 The	 influence	 of	 intrinsic	 stress	 and	microstructure	 on	 the	
resultant	hydrogen	sorption	behaviour	 is	discussed	and	 it	 is	postulated	 that	 intrinsic	 stress	can	be	
linked	to	hydrogen	absorption	kinetics,	as	well	as	the	corresponding	thermodynamic	destabilisation	
of	the	MgH2	phase.	
The	effect	of	film	thickness	 is	 investigated.	XRD	results	show	a	small	change	in	 intrinsic	stress	with	
thicker	film	growth.	The	resultant	hydrogen	sorption	behaviour	and	stress	analysis	has	been	used	to	
propose	a	theory	that	demonstrates	how	sorption	behaviour	in	thinner	versus	thicker	films	changes	






































You	 don’t	 complete	 a	 PhD	without	 ups	 and	 downs	 -	 if	 you	 do,	 you’re	 lucky!	 There	 are	 too	many	












































































































































different	 forms	 –	 deviating	 from	one	 form	or	 another,	 depending	 on	 the	 surrounding	 environment;	 and	
governed	 by	 various	 physical	 laws	 and	 phenomena	 studied	 by	 multiple	 scientists	 around	 the	 world	 for	
centuries.	To	the	human	race,	energy	is	possibly	more	important	than	ever	to	its	survival	and	ability	to	thrive.	
All	of	 the	evidence	 showing	 the	 requirement	 for	a	paradigm	shift	 to	an	alternative	energy	 source,	which	












Arguably,	 the	 most	 important	 starting	 point	 for	 consideration	 of	 the	 effects	 of	 energy	 is	 the	 industrial	
revolution.	The	industrial	revolution	started	in	the	UK	in	the	late	18th	century	and	its	effects	took	around	a	






Since	 the	 dawn	 of	 this	 revolution,	 energy	 demand	 has	 risen	 dramatically	 –	 mainly	 due	 to	 increased	
manufacture,	which	has	stimulated	continuous	economic	growth.	Of	course,	the	manufacturing	industry	led	
to	technological	developments	and	ultimately	a	better	standard	of	living.	The	effect	of	better	living	standards	







instabilities	 in	 some	countries,	and	 so,	one	can	 see	 that	energy	 is	arguably	a	 causal	 factor	 in	 the	volatile	
nature	of	Middle	Eastern	countries4,5.	Certainly,	countries	without	these	natural	resources,	which	depend	on	
oil	importation	are	likely	to	be	at	a	higher	risk	of	energy	security6.		Countries	with	a	high	energy	use	per	capita	












Although	 only	 accounting	 for	 a	 small	 percentage	 of	 total	 demand,	 renewable	 energy	 as	 well	 as	 nuclear	
sources	 of	 energy,	 are	 growing	 at	 the	 quickest	 rate.	 Reports	 from	 organisations	 including	 the	 IEA	
(International	Energy	Agency)8	and	BP	(British	Petroleum)9	forecast	increases	in	primary	energy	demand	by	





































































Kyoto	protocol	binding	 targets	between	various	governments	which	 target	a	 reduction	 in	 carbon	dioxide	
emissions	 18.	 This	not	only	works	 to	guarantee	 future	energy	 security	 for	a	nation,	but	may	also	 support	
economic	growth	and	security.	
Some	countries	have	stated	more	rigorous	targets	for	the	reduction	in	emissions.	Germany	for	example,	has	



















promising	qualities,	 there	are	challenges	 that	 renewable	energy	sources	 face.	Aside	 from	capital	 costs	 to	
build	 a	 new	 infrastructure,	 the	main	 two	problems	with	 these	methods	of	 electricity	 production	 are	 the	
intermittent	nature	of	production	and	the	location	(e.g.	solar	and	wind).	Therefore,	the	ability	to	meet	the	
variety	of	energy	demands	of	 the	population	requires	a	 form	of	energy	storage.	The	requirements	of	 the	
three	 main	 energy	 users	 have	 massive	 differences.	 Examples	 include	 scalability,	 mobility,	 reliability,	
efficiency,	price	and	energy	flux	to	name	a	few.		
Fortunately,	many	 types	 of	 energy	 storage	 systems	exist	 and	 their	 respective	 energy	densities	 vary	 on	 a	
massive	scale	(Fig	1.6).	The	energy	densities	in	terms	of	volumetric	and	gravimetric	storage	capacity	for	fossil	
fuels	are	the	highest	known	(apart	from	nuclear).	The	current	energy	densities	of	alternative	energy	storage	
systems	are	not	able	to	match	these	qualities.	 In	addition,	 fossil	 fuels	have	the	advantage	of	being	easily	
transported	 around	 the	world,	 can	 be	 scaled,	 and	 have	 a	 developed	 infrastructure.	 For	 this	 reason,	 the	






































are	 discussed;	 comparing	 the	 advantages	 and	 disadvantages	 for	 each	 with	 a	 particular	 focus	 on	 metal	



















can	be	very	good.	However,	 their	 lack	of	 reversibility	means	 that	 they	are	currently	 infeasible	 for	mobile	
applications.	 Finally,	 the	 green	 groups	 are	 carbon-based	materials.	 Of	 course,	 combustion	 of	 these	with	
oxygen	produces	CO2.	This	graph	is	only	a	small	insight	into	the	requirements	for	a	material	that	incorporates	
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argon,	 helium,	 nitrogen	 etc.	 However,	 considering	 the	weight	 of	 the	 canister	materials,	 the	 pressure	 of	
hydrogen	 in	 the	 system	 must	 approach	 700	 bar	 to	 get	 an	 estimated	 total	 gravimetric	 energy	 density	
approaching	 5	%.	 Hydrogen	 is	 not	 an	 ideal	 gas	 as	 in	 equation	 1.	 The	work	 done	 to	 compress	 hydrogen	
isothermally	is	given	by	equation	2.	For	compression	to	350	and	700	bar	H2,	this	gives	energy	densities	of	























seem	 that	 the	 systems	 engineering	 and	 safety	 components	would	 outweigh	 the	 benefits	 of	 the	 storage	
















Many	 metals	 exhibit	 ductile	 to	 brittle	 transition	 temperatures	 far	 above	 the	 temperatures	 required.	 In	










































interstitial	sites	within	a	crystalline	 lattice.	To	do	this,	 the	hydrogen	must	dissociate	at	 the	surface	of	 the	
metal	 before	 being	 chemisorbed	 into	 the	 metal	 lattice.	 This	 is	 shown	 schematically	 in	 Fig	 2.4.	 Initial	
chemisorbed	atoms	sit	 in	 interstitial	 locations	within	a	metal	 lattice	 (hence	the	common	term	‘interstitial	
	 19	
hydrides’).	 Hydrogen	 to	 metal	 concentrations	 (H/M)	 of	 around	 0.1	 are	 usually	 achievable	 in	 this	 (solid	
solution)	α-phase,	with	the	addition	of	each	hydrogen	atom	adding	around	2-3	Å3	31.	After	the	saturation	of	



















∆, = ∆- − &∆/																																																																							[1]	
Where	ΔH	is	the	enthalpy	change,	T	is	temperature	and	ΔS	is	the	change	in	entropy.	
Another	form	of	this	equation	is	given	as:	































73 ≈ 9∆3:9; 5 																																																																													[4]	
Where	VH	 is	 the	 volume	occupied	by	 the	hydrogen	 atom,	p	 is	 pressure,	 T	 is	 temperature	 and	ΔHs	 is	 the	
enthalpy	change	per	hydrogen	atom.	The	enthalpy	contribution	dependent	on	volume	is	given	by:	
<∆3<= = <∆3<> = <><= + <∆3<= )																																																																[5]	
Where	x	is	the	H/M	ratio	and	V	is	the	corresponding	volume	change.	The	first	term	on	the	right	is	the	elastic	
contribution	and	is	equated	to:	













and	AB2	 type	alloys	 33	and	by	Reilly	et	al	 for	AB5	 type	hydrides	 34.	These	examples	 relate	 the	enthalpy	of	







































DE + -F ↔ DE-F	
Theoretical	and	practical	thermodynamic	(PCI)	experiments	agree	that	the	enthalpy	of	formation	of	MgH2	is	
around	 -75	kJ/mol	H2.	 In	 theory	 then,	 the	absorption	of	hydrogen	 into	magnesium	should	occur	at	 room	
temperature	and	should	desorb	at	around	300	°C	at	an	equilibrium	pressure	of	1	bar	H2.	The	phase	diagram	
for	the	entire	Mg-H	system	at	1	bar	is	shown	in	fig	2.9.	However,	the	ability	of	Mg	to	dissociate	and	recombine	




























As	 an	 initial	 starting	 point,	 we	 know	 that	 ‘bulk’	 magnesium	 cannot	 be	 completely	 hydrogenated.	 If	 the	
thickness	or	particle	size	is	above	30-50	micrometers,	hydrogen	cannot	diffuse	through	the	MgH2	‘shell’	which	
is	a	total	kinetic	barrier	for	complete	hydrogenation	in	practical	terms40.		











higher	 absorption	 percentage	 to	 occur,	 moderately	 quickly.	 This	 enhancement	 is	 shown	 to	 occur	 in	
proportion	to	the	reduction	in	grain	size	with	20-30	nm	proving	to	be	optimal	(Fig	2.12)	40.	The	relationship	
between	grain	size	and	absorption	kinetics	 is	due	 to	 the	modification	of	 the	microstructure.	Because	 the	






















Palladium	 is	 an	example	of	 a	 very	effective	 catalyst	 for	Mg.	A	 fine	dispersion	of	Pd	nanoparticles	on	Mg	














































There	 is	 theoretical	 evidence	 to	 suggest	 that	 the	 reduction	 of	 particle	 sizes	 to	 the	 nano	 scale	 can	 alter	
fundamental	bulk	quantities.	Buckley	et	al.	44	calculated	an	increased	desorption	temperature	for	MgH2	using	
the	 harmonic	 approximation	 method.	 This	 is	 contrary	 to	 other	 DFT	 based	 studies	 where	 a	 decrease	 is	
calculated.	This	demonstrates	the	difficulty	in	the	modelling	technique	using	at	such	finite	sizes.	This	is	known	
	 34	















































storage.	 However,	 it	 has	 also	 been	 shown	 that	 thermodynamics	 and	 sorption	 behaviour	 can	 be	
different	to	bulk	systems.	This	will	be	discussed	in	detail	further	on.	
Besides	their	role	 in	the	search	for	hydrogen	storage	materials,	 thin	 films	have	other	potential	
applications	 within	 energy	 related	 research.	 Hydrogen	 induced	 changes	 in	 the	 electronic	 band	
	 36	










'hydrogenography'	 -	 a	 unique	 technique	 developed	 by	 Gremaud	 and	 colleagues	 based	 on	 the	
transmission	of	light	through	a	sample62.	This	technique	has	led	to	the	research	and	development	of	
multiple	 interesting	phenomena.	 In	addition	 to	 this	method,	 the	hydrogen	 induced	band	structure	















target/bias	 voltages	 and	 rotation	 speed,	 it	 is	 possible	 to	 control,	 at	 least	 to	 some	 extent,	 the	
microstructural	features	of	the	film.	This	was	demonstrated	by	Higuchi	and	coworkers	by	altering	the	
system	base	pressure	and	the	RF	target	power	to	an	Mg	target63.	The	degree	of	preferred	orientation	
of	Mg	 (002)	growth	varied	and	was	 related	 to	 the	difference	 in	grain	 sizes	and	slight	mis-oriented	
growth	of	columnar	crystals	within	the	film,	affecting	the	diffracted	intensity.	Subsequent	hydrogen	
loading	 revealed	 that	 films	 absorbed	 different	 quantities	 of	 hydrogen	 (from	 2.9	 to	 6.6	 wt%)	 and	






comparison	 to	 polycrystalline	 counterparts.	 The	 effect	 of	 column	 width	 was	 shown	 to	 affect	 the	
desorption	 temperature	 for	 pure	 Mg	 films,	 although	 the	 Pd	 capping	 layer	 serves	 as	 the	 main	



































undercooling	 serves	 to	 increase	 nucleation	 rate	 and	 limit	 any	 grain	 growth,	 either	 producing	
completely	amorphous	or	nanocrystalline	materials	68.	This	allows	one	to	investigate	the	properties	of	
ordered	vs	disordered	alloys.	Chen	et	al69	investigated	the	composition	Mg1.2Ni1.0.	The	metastable	film	
was	 found	 to	crystallise	at	over	300	 °C	and	hydrogen	sorption	properties	 revealed	absorption	and	






binding	 energies	 for	 hydrogen	 are	 not	 as	 well	 defined	 in	 these	 systems.	 As	 long	 range	 order	 is	



















In	 PVD	 systems,	 the	 thermodynamic	 driving	 force	 in	 thin	 film	 systems	 for	 formation	 of	 grains	 is	
generally	the	degree	of	vapour	supersaturation,	which	is	extraordinarily	high	in	comparison	to	bulk	
methods,	meaning	that	films	tend	to	have	a	very	fine	grain	structure.	It	also	means	that	it	is	possible	
to	 achieve	 very	 high	 levels	 of	 doping	 and	 in	 some	 cases,	 new	 crystal	 structures	 with	 normally	
immiscible	elements.	Demonstrations	of	this	have	successfully	been	shown	in	the	Mg-Ti	alloys	with	
MgyTi1-y	 (0.05<y>0.9)	 being	 prepared	 by	 both	 electron	 beam	and	 sputter	 deposition73.	Metastable	
MgyTi1-y	alloys	have	been	prepared,	and	upon	hydrogenation,	form	new	hydride	phases	MgyTi1-yHx.	For	
y	values	of	0.9	or	greater,	 the	HCP	structure	of	 the	host	Mg	 lattice	 is	preserved,	with	Ti	as	a	solid	





















































induced	a	 large	compressive	stress	 into	the	 lattice	of	MgH2.	This	produced	a	 large	thermodynamic	




















where	 the	 hydrogen	 is	 released	 at	 different	 temperatures	 depending	 on	 the	 amount	 of	 phases	
present82.	The	desorbing	phase	may	be	surrounded	by	an	alternative	phase.	The	tensile/compressive	













tended	to	adhere	better	 to	the	film	that	quartz	substrate.	Adhesive	 failure	 in	the	form	of	buckling	
meant	that	films	on	quartz	substrates	had	thermodynamic	quantities	very	similar	to	bulk	values.	A	
longer	 activation	 period	 was	 required	 for	 buckling	 on	 alumina	 substrates	 to	 occur.	 Before	 this	
occurred,	 the	 plateau	 pressures	 were	 different	 to	 bulk,	 suggesting	 a	 high	 adhesion	 led	 to	 a	
thermodynamic	modification.	In	a	later	paper,	a	titanium	buffer	layer	was	used	to	increase	adhesion	






















on	 the	 evolving	 microstructure	 of	 a	 film	 during	 hydrogen	 absorption	 88.	 This	 clearly	 shows	 the	




plateau,	 which	 is	 similar	 to	 bulk	 (Fig	 2.3.14).	 There	 is	 an	 extensive	 widening	 of	 hysteresis	 at	 low	
temperatures	 due	 to	 extra	 mechanical	 work	 required	 to	 hydride	 the	 film89.	 The	 effect	 of	 higher	




orientation	 relationships	 reported	 in	 other	 studies	 of	 pure	 Mg63,66,67,91–93.	 The	 reduction	 in	 work	
required	 for	 desorption	 is	 a	 direct	 result	 of	 texture	 within	 the	 films	 and	 the	 atomic	 movements	
required.	 It	would	 seem	as	 though	 the	effects	of	 texture,	mechanical	properties	due	 to	grain	 size,	








Interestingly,	 the	 H/M	 ratio	 available	 for	 the	 film	 on	 crystal	 quartz	 would	 appear	 to	 show	 an	
incomplete	loading	–	no	comment	was	made	by	the	authors.	
	






Fig	 2.3.14.	 PCIs	 and	 corresponding	 van’t	 Hoff	 plots	 of	 Mg/Ta/Pd	 films	 on	 fused	 glass	 substrates.	
Absorption	 branches	 show	 much	 higher	 plateau	 pressures	 than	 bulk.	 It	 is	 interesting	 to	 note	 the	














easily	measurable.	 Recent	work	 by	 Pickering	 et	 al	 showed	 how	doping	 AB2	 type	 alloys	with	 small	







are	 summarised	 in	 Fig	 2.3.16	 but	 mainly	 consist	 of	 a	 widening	 of	 the	 hysteresis	 due	 to	 plastic	




at	 the	 nanoscale	 after	 the	 first	 hydrogenation	 cycle,	 it	 is	 shown	 that	 the	 films	 can	 easily	 absorb	
hydrogen	at	lower	pressures	than	originally,	due	to	the	removal	of	the	energy	needed	to	expand	the	
film	 in	 the	 original	 instance.	 This	 therefore	 proves	 the	 contribution	 of	 mechanical	 effects	 to	 the	
hysteresis	in	thin	films,	and	indeed,	in	principle,	to	the	rest	of	the	metal	hydride	family,	although	those	
interactions	may	be	more	complex	due	to	the	nature	of	intermetallics.	
Complementary	 to	 the	 practical	 investigations	 already	 discussed,	 there	 are	 a	 few	 recent	 density	
functional	 theory	 (DFT)	 simulations	 which	 have	 shown	 that	 the	 effect	 of	 strain	 changes	

























adjacent	 layers	 or	 monolayers’.	 In	 the	 case	 of	 this	 section,	 multilayers	 are	 defined	 as	 systems	
incorporating	more	than	one	layer	of	magnesium.	
The	 use	 of	 multilayers	 has	 been	 useful	 to	 demonstrate	 improved	 sorption	 kinetics,	 by	
effectively	 catalysing	 the	 sorption	 reactions,	 often	 with	 the	 use	 of	 transition	 metals.	 This	 was	
demonstrated	by	Fry	et	al98	with	4.6	wt%	H2	absorption	within	10	minutes	at	250	°C	using	Cr	and	Ti	




Mg	layer	thickness	 is	 in	the	region	of	tens	or	hundreds	of	nanometres.	 In	addition,	the	majority	of	
interfaces	 are	 incoherent,	 due	 to	 the	 immiscibility	 of	 Mg/Ti.	 If	 a	 chemical	 coherency	 can	 be	
engineered,	 as	 shown	 in	 Mg/Ti	 systems,	 where	 layer	 thicknesses	 approaching	 4nm	 have	 been	


































may	have	on	the	diffusion	of	hydrogen	 into	the	 film.	 In	addition,	 the	 influence	of	 thin	 film	growth	
mechanics	with	increasing	thickness	is	not	taken	into	account	apart	from	a	study	mentioned	involving	
titanium.	 Indeed,	 the	aforementioned	 factors	 can	go	on	 to	 influence	 the	mechanical	 behaviour	of	
magnesium.	Can	 the	substrate,	microstructure	and	hydrogenation	conditions	be	optimised	 to	 take	





















growth	 mode	 can	 usually	 be	 well	 tailored	 to	 achieve	 the	 desired	 properties.	 Subtle	 changes	 in	
deposition	parameters	can	have	a	large	effect	on	the	eventual	properties	of	the	film,	whether	in	terms	




magnesium	 as	 a	 hydrogen	 storage	material,	 as	 hydrogen	 sorption	 properties	 can	 be	 governed	 by	
changes	in	particle/grain	size,	as	discussed	in	section	2.3.	In	addition,	the	effect	of	stress	in	these	films	
will	 be	 discussed.	 This	 could	 be	 governed	 by	 the	 sputtering	 conditions	 used	 and	may	 also	 affect	
sorption	properties.	
2.4.1 Nucleation	and	free	energy	considerations	
The	 following	 expressions	 are	 taken	 from	Ohring103.	 The	 free	 energy	 change	 (ΔF)	 to	 create	 a	 new	
spherical	 surface	of	 radius,	 r,	 is	given	by	 the	sum	of	 the	decrease	 in	volume	 free	energy	 (ΔFv)	and	
increase	in	the	(interfacial)	surface	free	energy	(ϒAB):	
									∆H = IJ KLJ∆H) + 4KLFNOP																																																						[1]	
Above	a	critical	radius	(r*),	the	system	is	stable.	Therefore,	the	change	in	free	energy	by	addition	of	
more	atoms	becomes	zero,	so:	
< ∆Q<R = < STURT∆QVWIURCXYZ<R = 0																																																									[2]	
∴ 4KL∗F∆H) + 8KL∗NOP = 0																																																										[3]	
∴ NOP = 	 `∆QVR∗F 																																																																									[4]	
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∴ L∗ = 	− FXYZ∆QV 																																																																											[5]	
Substituting	r*	into	[1]	gives	the	critical	free	energy	(ΔF*)	for	a	particle	to	reach	critical	radius:	
∆H∗ = abUXYZTJ ∆QV C 																																																																										[6]	
Equation	 [6]	 describes	 the	 energy	 barrier	 for	 nucleation	 of	 a	 homogenous,	 spherical	 particle.	 The	








g > 0	 → 	 NO < NOP + NP																																																																[8]	
Island	growth	will	occur,	and	if:	
g = 0	 → 	 NO ≥ 	 NOP + 	NP																																																															[9]	
Then	 layer	 by	 layer	 growth	will	 occur.	 Stranksi-Kranstanov	 growth	 can	 occur	 due	 to	 strain	 effects	












the	case	of	heterogeneous	nucleation,	 the	energy	barrier	 is	also	described	as	a	 function	of	θ.	 It	 is	













becomes	 a	 quantifiable	measure	 of	 the	 adhesion	 force,	which	 is	 inherently	 a	 consequence	 of	 the	
opposing	materials	surface	energies.	










r∗ = $euv! `∆w∗xZ5 																																																																		[13]	
Where	N*	is	the	equilibrium	number	of	nuclei,	ω	is	the	rate	of	atom	impingement	onto	the	nuclei	of	
critical	area	A*	and	KB	is	the	Boltzmann	constant.	Ns	is	the	density	of	all	possible	nucleation	sites.	An	
increased	 nucleation	 rate	 is	 observed	 for	 a	 more	 negative	 value	 of	 free	 energy	 (following	 an	
exponential	behaviour)	and	 is	 inversely	proportional	 to	 temperature,	 suggesting	 that	 single	crystal	
films	tend	to	grow	at	higher	temperatures.	
	 yR∗y4 5 < 0																																																																					[14]	
Higher	temp	–	larger	r*	leads	to	larger	ΔG*,	larger,	fewer	grains.	






















Altering	 the	 target	potential	means	atoms	have	more	or	 less	 free	energy	 for	particle	 coalescence,	
yielding	 a	 different	 microstructure.	 The	 effect	 of	 using	 a	 substrate	 bias	 will	 also	 affect	 the	
microstructure	in	the	same	way,	although	the	effect	on	deposition	rate	is	less	pronounced.	
2.4.4.2	Saturation	pressure	
The	 nature	 of	 PVD	 ensures	 a	 large	 amount	 of	 nucleation	 sites,	 due	 to	 the	 high	 degree	 of	
supersaturated	vapour.	The	volume	free	energy	can	be	written	as:	
































The	accumulation	of	processing	 stresses	 can	occur	during	 film	growth	and	 can	be	 sensitive	 to	 the	
deposition	conditions.	There	are	two	mechanisms	for	this.	The	first	is	a	recrystallization	mechanism,	
where	annealing	during	 the	deposition	process	 can	occur	alongside	 shrinkage.	This	 can	be	 related	
strongly	 to	 the	 processing	 pressure,	 which	 effects	 the	 nucleation	 rate.	 The	 second	mechanism	 is	
crystallite	 coalescence,	which	can	occur	when	grain	boundaries	 coalesce	and	 form	 tensile	 stresses	
within	 the	 film.	 This	 is	 often	 observed	 in	 films	 with	 some	 porosity	 present,	 possibly	 due	 to	 gas	





















which	will	 affect	 results.	 Annealing	 can	 be	 used	 in	 an	 attempt	 to	 relieve	 some	 of	 these	 stresses,	







at	hydrogen	storage	materials.	However,	 there	are	some	key	concepts	within	 the	area	of	 thin	 film	












































































manufactured	 by	 Teer	 Coatings	 108.	 The	 unique	 CFUBMSIP	 (Closed	 Field	 Unbalanced	 Magnetron	





























The	 quality	 of	 a	 thin	 film	 can	 be	 drastically	 altered	 by	 the	 substrate	 preparation	 involved	 pre	









In	 general,	 each	 deposition	 process	 followed	 a	 general	 recipe	 that	 involved	 an	 Ar+	 etching	 of	 the	








































































resolution	 for	 this	 particular	model	was	10	nm	using	 a	 100x	optical	 lens.	However,	 the	 resolution	
chosen	was	dependent	on	the	requirements	of	the	area	of	the	sample	to	be	measured.	The	confocal	






































cloud,	 the	 intensity	of	 the	diffraction	peak	 is	proportional	 to	 the	density	of	 electrons	 lying	on	 the	
particular	 plane	 of	 interaction,	 as	 well	 as	 to	 the	 material	 being	 investigated	 –	 heavier	 elements	
generally	diffract	better.	However,	this	also	gives	problems	when	trying	to	detect	lighter	elements,	
especially	 hydrogen.	 Neutron	 diffraction	 is	 a	 better	 technique	 to	 detect	 the	 position	 of	 hydrogen	





to	 the	 identification	 of	 the	material,	 as	 well	 as	 its	 exact	 lattice	 parameter.	 Specialised	 diffraction	
equipment	 is	 available	 for	 the	 analysis	 of	 thin	 films	 (techniques	 such	 as	XRR,	 SAXS)	 that	 allow	 for	
measurements	in	in	plane	directions,	giving	rise	to	additional	diffraction	peaks.	A	typical	diffraction	








estimate	the	residual	stress	within	 the	 layer,	although	given	the	small	grain	size	within	 films,	 their	






























isothermal	 scan	 was	 taken.	 Pressure	 was	 altered	 by	 using	 mass	 flow	 controllers	 and	 pressure	
transducers,	in	a	bespoke	system	manufactured	by	Baskerville.	Flowing	gas	(H2	or	He)	was	set	at	50	

















bulk	 value	 (do).	 The	 precise	 lattice	 parameters	 were	 obtained	 from	 the	 ICSD	 (Inorganic	 crystal	
structure	database).	




















































































The	 same	 explanation	 can	 be	 used	 for	 the	 bias	 voltage,	 with	 the	 increase	 in	 applied	 potential	
promoting	a	greater	acceleration	towards	the	substrate	and	attraction	to	the	workpiece.	Even	higher	
applied	bias	voltages	may	serve	to	re-sputter	atoms	from	the	substrate	surface.	However,	given	the	
linear	 relationship	 observed,	 this	would	 suggest	 that	 these	 two	 competing	mechanisms	were	 not	
having	a	large	effect	on	sputter	yield.	
In	 addition,	 the	 base	 pressure	 in	 the	 system	 (which	 is	 effectively	 the	 concentration	 of	 argon	
atoms/ions)	has	the	opposite	effect	on	sputter	yield.	The	mean	free	path	of	an	adatom	is	statistically	











A	 B	 C	 D	 E	 F	 G	 H	
Magnetron	
Current	(Amps)	
2	 2	 2	 2	 1.5	 1	 0.75	 2	
Base	Pressure	
(x10-3	mbar)	
2.6	 2.6	 5.6	 7.9	 2.6	 2	.6	 2.6	 2.6	
Bias	Voltage	(V)	 30	
(Pulsed)	
100	 50	 50	 50	 50	 50	 50	
Film	thickness	
(+/-	0.1	µm)	






Fig	4.1.	Effect	of	various	sputtering	conditions	on	 the	 film	 thickness.	Black:	Magnetron	Power	 (Left	
axis).	Green:	Base	Pressure.	Red:	Bias	Voltage.	(Plotted	on	right	axis	–	arbitrary).	The	data	has	been	





of	 the	 films	 with	 the	 basal	 plane	 preferred	 (002).	 This	 is	 common	 for	 thin	 films,	 in	 line	 with	




show	how	well	 orientated	 the	 grains	 are,	 relative	 to	 the	 substrate	 surface.	 (This	will	 be	 shown	 in	





























































2A 30V Pulsed Bias
0.75A 50V DC bias
1A 50V DC bias
1.5A 50V DC bias
2A 60sccm Ar
2A 90sccm Ar























Ohring	 expresses	 the	 intrinsic	 film	 stress	 as	 an	 outcome	 of	 various	 mechanisms,	 including	 gas	
entrapment,	atomic	mass	of	 target	and	deposition	 rate.	However,	 in	 contrast	 to	other	metals	and	
coatings,	 the	 films	 prepared	 in	 this	 case	 did	 not	 show	 a	 transition	 from	 tensile	 to	 compressive	
stress103.By	combining	multiple	parameters	one	could	seek	to	produce	a	film	with	a	compressive	stress	




































































phase	 from	 the	 film/substrate	 interface,	 rather	 than	 the	 film	 surface.	 This	 behaviour	 has	 been	
observed	previously	within	Mg/Ni	 films,	where	 the	hydride	phase	was	 shown	 to	 grow	backwards,	
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controversial	to	what	one	might	expect,	as	hydrogen	enters	via	the	top	Pd	surface	in	most	cases.	In	






















































The	 results	 in	 Table	 2	 are	 suggestive	 of	 a	 large	 shift	 in	 grain	 size	 between	 films	 (130	 to	 320	nm).	
However,	by	image	analysis	using	ImageJ	software	(an	optical	tool	can	be	used	to	highlight	grains	and	
































































Sputter	yield	has	been	 investigated,	showing	 linear	 relationships	amongst	 three	different	variables	
















reduction	 of	 this	 tensile	 stress	 is	 proposed	 to	 occur	 via	 an	 annealing	 or	 adatom	 bombardment	
mechanism.	














































A	 1.5	 1	 50	 4.2	
B	 1	 1	 50	 4.2	
C	 0.75	 1	 50	 4.2	
D	 2	 1	 30	 4.2	
E	 2	 1	 70	 4.2	















generally	 forming	 a	 less	 intense	 peak.	 However,	 film	 C	with	 an	 applied	 current	 on	 0.75A	 is	 fairly	
anomalous	in	that	it	forms	a	fairly	highly	crystalline	film.	The	reasons	for	this	observation	are	unclear	








gained	 from	 the	 effects	 of	 bias	 voltage.	 However,	 a	 linear	 relationship	 is	 shown	 to	 exist	 for	 the	






























































A	 -1.6	 863	 314	
B	 99	 3000	 331	
C	 54	 4718	 363	
D	 130	 2900	 350	
E	 128	 1670	 324	











































































































Grain size from SEM (nm)
 XRD grain size



























Grain size from SEM (nm)
 XRD grain size























as-deposited	 films	 is	 reduced	 by	 an	 amount	 proportional	 to	 the	 volume	 expansion	 caused	 by	
hydrogenation.	 Using	 this	 assumption,	 we	 can	 calculate	 the	 in-plane	 stress	 change	 caused	 by	
hydrogenation.	Of	course,	this	doesn’t	take	into	account	any	plasticity	in	the	Mg	and	microstructural	
effects	because	XRD	can	not	show	this.	Plastic	deformation	is	known	to	occur	due	to	hydrogenation,	




































































A	 N/M	 0	 234	 235	 1.4	
B	 1160		 -50	 220	 120	 3.4	
C	 980	 0	 280	 224	 5.7	
D	 1260	 -8	 220	 91	 2.5	
E	 1400	 -20	 210	 81	 2.9	





In	addition	to	 the	stress	strain	analysis,	 it	was	also	possible	 to	plot	kinetic	points	of	peak	 intensity	
versus	time,	to	show	how	the	reaction	progressed	(Fig	4.2.8).	According	to	the	intensity	of	the	points,	






















































































































































































































































MgH2 Normalised intensity (%)
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Assuming	 that	 films	have	 a	 total	 capacity	 of	 around	90	%	of	 the	 total	 expected	hydrogen	 storage	













However,	 this	 is	 not	 conventional.	 We	 would	 expect	 elastic	 yielding	 to	 occur	 before	 plastic	
















Fig	 4.2.10.	 Confocal	 laser	 microscopy	 3D	 images	 of	 sample	 C	 which	 underwent	 large	 amounts	 of	




























Peak due to 
plastic deformation?





The	 results	 presented	 in	 this	 chapter	 require	 a	 lot	 of	 interpretation.	 Firstly,	 it	 is	 clear	 that	 the	
deposition	 parameters	 influence	 a	 number	 of	 factors	 within	 the	 film	 deposition,	 including	 the	








the	 observed	 hydrogen	 content	 of	 the	 film	 as	 seen	 in	 TPD	 experiments.	 This	 observation	 is	 also	
consistent	with	 Fujii	 et	 al	 63	who	 showed	a	different	hydrogen	 content	 in	 comparison	 to	 the	peak	
intensity	of	the	MgH2	(110)	peak.	
Comparing	the	stress	analysis	from	diffraction	data	to	the	known	hydrogen	content	within	the	film	








Of	 course,	 the	 transition	 to	 this	 regime	 is	 dependent	 upon	 the	mechanical	 properties	 of	 the	 film.	
Ignoring	factors	such	as	adhesion,	and	purely	focussing	on	the	original	diffraction	patterns,	we	know	
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Üc = áà cos å cos ç	
where	Üc 	is	the	critical	resolved	shear	stress	and	áà	is	yield	stress	given	the	angle	to	the	normal	of	the	
slip	plane	å	and	slip	direction	ç.	Therefore,	if	we	have	slight	misorientation	of	grains	compared	to	the	










one	may	expect,	but	 rather	 it	may	prefer	 to	diffuse	along	grain	boundaries	 towards	 the	 substrate	
before	diffusing	through	the	grain	itself.	This	would	stand	to	reason	as	grain	boundary	diffusion	is	a	





stability	 of	 the	 hydride	 phase	 is	 influenced	 by	 the	 both	 the	 elastic	 and	 plastic	 regimes	 of	 film	
behaviour.	For	the	desorption	behaviour,	we	must	consider	energy	available	for	nucleation	of	the	Mg	
phase.	Firstly,	a	strained	unreacted	Mg	layer	will	provide	additional	energy	for	phase	nucleation.	In	










energy,	 the	 contribution	 to	 the	 thermodynamics	 is	 much	 larger	 than	 in	 the	 elastic	 regime.	 The	
observed	difference	in	thermodynamic	stability	is	thus	due	to	the	strain	energy	stored	within	the	film,	
which	will	 vary	with	void	content,	mechanical	properties	and	hydrogen	uptake.	Therefore,	we	can	
suggest	 that	 the	 desorption	 behaviour	 depends	 upon	 the	 initial	 characteristics	 of	 the	 originally	
deposited	film.	




















plane	 tensile	 stress	 accumulation	 are	 shown	 to	 be	 porosity	 inclusions.	 The	 effect	 of	 intrinsic	


























stress	 and	 resulting	 film	 microstructure.	 These	 resulting	 features	 showed	 a	 contribution	 to	 the	
thermodynamic	properties	of	these	films	and	the	mechanism	for	their	effects	was	hypothesised	to	be	
due	to	 their	mechanical	properties.	 In	addition,	 the	hydrogen	storage	properties	of	 the	 films	were	
discussed,	 as	 the	 films	 did	 not	 all	 absorb	 the	 same	quantity	 of	 hydrogen	 given	 the	 same	 reaction	
conditions.	This	gives	rise	to	some	questions	regarding	the	absorption	mechanism	of	the	films,	namely:	
• Is	the	absorption	mechanism	affected	by	(intrinsic)	stress?	















































which	 is	 seen	 at	 around	 38.8°.	 However,	 the	 expected	 peaks	 for	 Mg	 and	 MgH2	 are	 virtually	
indistinguishable.	This	 is	potentially	due	to	 the	slightly	weaker	signal	due	to	configuration	changes	
within	the	XRD	apparatus	but	could	also	be	an	indication	that	the	Mg	has	transformed	to	MgH2	with	

























peak	 was	 definitely	 observed.	 Therefore,	 it	 was	 decided	 there	 was	 no	 point	 in	 heating	 to	 higher	
temperatures	 to	 look	 for	 further	 hydrogenation.	 Section	 5	 was	 also	 checked	 to	 investigate	 the	
unexplained	peak	(29.192°	2θ)	thought	to	be	Mg6Pd.	This	trace	shows	a	very	small	hump	around	the	
Mg	 peak,	 suggesting	 that	 there	 is	 some	 residual	Mg	 left,	 despite	 being	 a	 thinner	 section.	 This	 is	
believed	 to	 be	 due	 to	 the	 influence	 of	 the	 blocking	 layer	 of	 Mg6Pd.	 As	 a	 result	 of	 this	 initial	















































































higher	 thickness	 to	 800	 nm,	 there	 is	 again	 an	 increase	 in	 crystallinity.	 This	 may	 arise	 due	 to	 a	


























































more	 lateral	 than	 vertical.	 This	 is	 similar	 to	 the	 results	 by	 Palsson	 et	 al.135.	 This	 is	 rather	 thought	

































































Change in stress from hydrogenation (MPa)
 MgH2 stress







hardly	any	hydrogen	 (0.6	wt%)	and	 the	800	nm	 film	desorbs	2.9	wt%.	The	 reasons	 for	 the	 lack	of	







However,	 we	 have	 already	 hypothesised	 that	 there	 is	 a	 difference	 in	 the	 nucleation	 and	 growth	
behaviour	of	the	hydride	phase	between	thin	and	thick	films.	Therefore,	it	would	not	be	unreasonable	
to	assume	that	during	hydrogen	unloading,	the	Mg	phase	starts	to	nucleate	and	grow	differently.	For	
both	films,	 it	 is	 likely	that	the	nucleation	or	growth	of	a	new/existing	Mg	phase	will	start	at	a	 local	
defect	such	as	a	grain	boundary.	If	we	suppose	that	the	mechanism	proposed	in	Fig	4.3.7	is	true,	then	
for	thinner	films,	there	is	a	lot	more	opportunity	for	nucleation	at	grain	boundaries,	as	this	is	where	
the	 hydride	 phase	 is	 concentrated.	 This	 will	 have	 two	 effects,	 which	 include	 a	 potentially	 faster	
desorption	 as	 well	 as	 local	 shrinkage.	 The	 local	 shrinkage	 exerts	 a	 residual	 tensile	 strain	 on	 the	
remainder	 of	 the	 MgH2	 phase,	 which	 will	 drive	 destabilisation.	 However,	 for	 a	 thicker	 film,	 the	
opposite	may	be	considered.	The	opportunity	for	phase	nucleation	at	grain	boundaries	will	be	similar,	




A	 similar	 report	 in	 the	 differences	 of	 hydrogen	 behaviour	 in	 very	 thin	 films	 is	 shown	 by	Mooij97.	







































to	 achieve	 complete	hydrogenation	 in	 a	 given	 set	 of	 hydrogenation	 conditions	 (100	 °C,	 1	 bar	H2).	

















films,	 the	 nucleation	 and	 growth	 behaviour	 of	 the	 hydride	 layer	 is	 different	 between	 thinner	 and	











is	 at	 a	 similar	 temperature.	 TPD	 is	 not	 ideally	 suited	 to	 differentiate	 between	 kinetic	 and	
thermodynamic	effects	and	the	thickness	effect	makes	conclusions	from	this	data	inconclusive	in	this	










































be	a	slight	region	of	 intermixing	which	 is	<10	nm,	as	reported	by	Baldi,	but	this	 is	not	detected	by	
XRD140.	The	lack	of	intermixing	may	be	a	result	of	the	low	temperature	during	sputtering.	
An	additional	set	of	 films	were	deposited	on	similar	substrates	 in	order	to	see	 if	 there	 is	a	
difference	in	stress	with	growth	thickness.	 It	would	appear	than	for	thicker	films	there	is	a	general	
increase	in	stress	which	varies	between	substrates.	In	addition,	the	intensity	of	the	peak	for	the	film	















Glass	 200	 10	 800	 x	
Si	 200	 40	 800	 80	
MgO	 200	 15	 800	 80	






































 As deposited on Si Substrate
 As deposited on Si - B doped



























if	 the	 films	 could	 absorb	 hydrogen	 at	 this	 temperature	with	what	 could	 be	 considered	 an	 almost	
infinite	pressure	and	time	for	the	reaction	to	proceed.	The	results	of	this	investigation	showed	that	
there	was	very	limited	uptake	in	these	films,	suggesting	a	diffusion-limited	regime.	





peak	 shift	 of	 the	 PdH0.64	 layer	 at	 around	 38.8°	 is	 due	 to	 the	 temperature	 increase	 during	 the	

















































 Hydrided on Silicon
 Hydrided on MgO













 Hydrided on Silicon
 Hydrided on MgO
 Hydrided on GlassMgH2 bulk
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4.4.3 Hydrogen	desorption	behaviour	
The	TPD	profiles	 of	 the	 200	nm	 films	hydrogenated	 at	 100	 °C	 are	 shown	 in	 Fig	 4.4.5.	 The	highest	
temperature	 desorption	 is	 exhibited	 by	 the	 film	 on	 the	 MgO	 substrate,	 with	 a	 peak	 desorption	
temperature	of	180	 °C.	 The	 films	prepared	on	glass	and	 silicon	 films	 show	very	 similar	desorption	
profiles,	with	peak	desorption	 temperatures	at	 lower	values	of	151	 °C	and	148	 °C,	 respectively.	 In	
addition,	the	TPD	traces	of	the	800	nm	films	are	shown	in	Fig	4.4.6.	The	pattern	of	the	peaks	is	not	the	




















































































































The	 approximate	 strain	 value	 for	 the	 transition	of	Mg	 to	MgH2	 can	be	 calculated	using	previosuly	




Substrate	 clamping	effects	have	been	 reported	 in	Pd	 films	where	 thermodynamic	properties	were	
initially	altered	due	to	adhesive	forces.	However,	these	films	did	eventually	become	comparable	to	
bulk	data	due	to	buckling	mechanisms	which	act	to	release	stress83.	The	addition	of	a	Ti	buffer	layer	
improved	adhesion	 in	 these	 films,	and	the	buckle	 formation	was	 inhibited	even	upon	cycling,	with	
compressive	stresses	estimated	at	around	1.5	GPa84.	In	contrast	to	this,	the	behaviour	of	thin	films	of	
the	complex	hydride	Mg2NiH4	showed	a	vastly	different	behaviour	in	both	absorption	and	desorption	
behaviour,	 attributed	 to	 the	 phase	 transition	 between	 two	 preferentially	 oriented	 phases90.	 This	
clearly	highlights	the	importance	of	stress	build-up	and	texture	on	the	sorption	behaviour	of	materials.		
	
On	 hydrogenation,	 the	 volume	 change	 associated	 with	 the	 crystal	 structure	 transformation	 from	



























stresses	were	 dissimilar.	 The	 higher	 surface	 energy	 of	 the	 silicon	 substrate	 appeared	 to	 alter	 the	
nucleation	behaviour	at	the	substrate	interface.	
	
Variable	 temperature	 XRD	 up	 to	 a	 temperature	 of	 100	 °C	 at	 10	 bar	 H2	 showed	 a	 complete	
transformation	to	textured	MgH2	(110)	for	all	substrates.	It	was	not	possible	to	complete	this	exercise	
for	thicker	films	due	to	time	constraints	and	instead	an	ex	situ	hydrogenation	chamber	was	used.	Due	
to	 the	 higher	 temperature	 used	 for	 the	 in	 situ	 experiments,	 stresses	 were	 not	 estimated	 for	 the	
thinner	 films.	However,	 for	 thicker	 films	 the	 resulting	 strain	 analysis	 of	 the	MgH2	 diffraction	 peak	
suggested	that	both	the	silicon	and	MgO	substrates	exert	a	more	compressive	stress	in	that	layer.	The	
glass	layer	seems	to	grow	with	minimal	strain.	The	resultant	TPD	profiles	of	these	films	show	a	similar	








from	 the	 results	 contained	herein.	However,	 it	 is	 certain	 that	 the	 substrate	does	 affect	 thin	 films.	
Further	work	in	this	area	should	focus	on	in	situ	techniques	that	allow	for	precise	determination	of	












However,	 with	 the	 thicker	 films,	 there	 was	 substantial	 stress	 release	 due	 to	 buckling	 from	
hydrogenation	stresses	in	some	films,	which	was	due	to	their	underlying	microstructure	when	they	
were	deposited	using	different	sputter	conditions.	Indeed,	there	is	a	critical	hydrogen	content	for	a	
























































resistance.	 This	 may	 resolve	 any	 issues	 with	 forming	 Mg	 alloys,	 hydrogen	 embrittlement	 of	 the	
substrate	 and	melting	 of	 the	 polymer.	 Dynamic	mechanical	 thermal	 analysis	 (DMTA)	was	 used	 to	
assess	 the	 mechanical	 behaviour	 of	 the	 film	 with	 temperature	 (Fig	 4.5.2).	 We	 can	 see	 that	 the	
variability	in	Young’s	modulus	with	temperature	initiates	at	around	130	°C	and	is	slightly	dependent	
on	frequency.	However,	the	drop	in	stiffness	is	around	4-5	fold,	which	is	low	in	comparison	to	other	




















































effect.	 Loading	 in	 these	 regimes	 was	 attempted,	 but	 time	 constraints	 did	 not	 allow	 for	 full	
characterisation	of	the	films.	
Fig	4.5.4	shows	XRD	traces	of	the	films	that	were	initially	characterised	after	hydrogenation	at	room	










Fig	4.5.4.	 XRD	patterns	of	 films	after	hydrogenation	at	 room	 temperature	on	 flexible	 substrates	 in	












meant	 that	 there	 are	 inhomogeneous	 regions	within	 the	 film	 surface	 area.	 Advanced	 plasticity	 in	
slimmer	regions	in	comparison	to	wider	regions	will	widen	the	hysteresis	observed.	We	would	expect	









 Ti/Mg/Ti/Pd hydrided in compression RT
 Ti/Mg/Ti/Pd hydrided without compression RT





Looking	 into	more	detail	 at	 the	 Ti/Mg/Ti/Pd	 films,	we	 can	 see	 that	 adding	 additional	 compressive	
forces	would	seem	to	stabilise	the	hydride	phase.	This	seems	the	opposite	to	what	could	be	expected.	
However,	let	us	consider	that	the	additional	film	stress	added	with	this	geometry	is	estimated	to	be	in	




















majority	 of	 the	 volume	 expansion	 due	 to	 hydrogenation	 is	 accompanied	 by	 out	 of	 plane	 plastic	
deformation.	Hydrogen	desorption	in	both	normal	(not	bent)	and	in-plane	compressive	stress	showed	
a	marked	difference	 in	 the	stability	of	 the	hydride	phase.	The	 increased	stability	of	 the	 film	under	
compression	is	thought	to	be	due	to	increased	plastic	deformation,	which	would	manifest	itself	as	a	
widening	of	the	hysteresis	observed	on	a	PCI.	The	conditions	examined	show	that	it	could	be	possible,	


















 Mg/Ti/Pd in compression
 Mg/Ti/Pd no compression
 Ti/Mg/Ti/Pd in compression

































































corresponding	to	10/30	and	5/15	nm	which	 is	similar	 to	 thicknesses	when	superlattice	peaks	have	
occurred	 in	 other	 films100	 (Fig	 4.6.3).	 There	 are	 no	 superlattice	 peaks	 in	 the	 sample	 with	 thicker	
dimensions.		






















 Ti10nm/Mg30nm x 20
 Ti 20nm/Mg60nm x 10


































 Ti 10nm Mg30nm
 Ti5nm Mg15nm
 Ti20nm Mg60nm








still	 a	 large	 reflection	 present	 at	 the	 original	 peak	 position	 of	 34.2°.	 The	 peak	 at	 38°	 which	 was	
originally	 attributed	 to	 Ti	 has	 completely	 disappeared,	 suggesting	 a	 complete	 formation	 to	 TiH2.	
However,	this	position	is	very	close	to	that	of	the	original	Mg	peak.		






single	peak).	Above	about	60	°C	as	the	reaction	progresses,	 the	MgH2	growth	 increases	to	a	 linear	
regime,	likely	due	to	the	temperature	change.	The	Mg/Ti	peak	also	seems	to	reciprocate	this,	showing	








peak	 starts	 to	disappear,	 at	 the	 same	 temperature.	 There	are	 small	differences	 in	 the	Mg/Ti	peak	





















 Ti10nm Mg30nm (hydrided)
 Ti5nm Mg 15nm (hydrided)
 Ti20nm Mg60nm (hydrided)
 MgH2  Pd





















 Ti10nm Mg30nm (hydrided)
 Ti5nm Mg 15nm (hydrided)
 Ti20nm Mg60nm (hydrided)
34.2564 MgTi Hx ?
Mg peak shift due to strain?






















Temperature increase 30 to 100°C
causes peak shift
Desorption from PdH0.6 to Pd
Some MgH2 growth even
from room temperature





































 MgH2 peak height
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film	before	 loading	 into	 the	chamber.	To	examine	whether	some	room	temperature	desorption	 in	
argon	was	possible,	 the	sample	was	 left	 for	3	days	within	 the	glovebox	and	 then	re-tested.	This	 is	
shown	 as	 the	 black	 trace	 on	 the	 same	 graph,	 showing	 that	 almost	 all	 of	 the	 hydrogen	 has	 been	
released	at	room	temperature	in	argon.	





































 Mg 20 Ti 60
 Mg 10 Ti 30
 Ti 5 Mg 15








































 Ti 20nm Mg 60nm
 Ti 10nm Mg 30nm








































 Ti 20 Mg 60
 Ti 10 Mg 30
























Looking	 at	 the	multilayer	 samples	we	 see	 that	 the	Mg	 layers	 are	 textured	 in	 the	basal	 plane.	 The	
relative	intensities	of	the	Mg	vary.	There	does	not	seem	to	be	a	recognisable	pattern	to	the	intensities	
as	the	thickness	decreases.	However,	this	may	also	be	in	part	due	to	the	change	in	crystal	structure	of	







































Y	(800nm)	 5.767	 3.678	 N/A	 N/A	
Mg/Y	(40nm)	 5.768	 3.734	 N/A	 5.2079	
Mg/Y	(20nm)	 5.758	 3.706	 5.06	 5.1949	














 Pure Y + Pd



























in	 the	 likely	 accommodation	 of	 strain	 is	 thought	 to	 be	 the	 cause	 of	 the	 observed	 destabilisation.	
Unfortunately,	 there	was	 no	 time	 remaining	 to	 complete	 the	 characterisation	 of	 these	multilayer	
samples.	However,	 the	 use	 of	 in	 situ	 XRD	would	 be	 very	 useful	 in	 ascertaining	 the	hydrogenation	














is	 observed	 and	 is	 attributed	 to	 the	 effects	 of	 extended	 interfaces	 providing	 additional	 interfacial	
energy	to	the	system.	With	the	use	of	in	situ	XRD	performed	for	the	first	time	on	these	multilayer	type	





































has	 shown	 benefits	 and	 should	 be	 used	 for	 future	 investigations,	 potentially	 to	 show	 kinetic	
differences	in	the	behaviour	of	these	films	at	various	temperatures.	
Based	on	the	success	of	the	Mg/Ti	multilayers,	Y-based	mulitlayers	were	investigated	with	a	range	of	






























The	mechanism	for	 the	tensile	stress	appears	 to	 the	coalescence	of	some	of	 the	columnar	
grains	and/or	intrinsic	porosity’s.	This	mechanism	correlates	well	with	the	observed	microstructures	
and	complements	the	diffraction	analysis.	
These	 relatively	 simple	 results	 importantly	 explain	 why	 differences	 in	 the	 behaviour	 of	
hydrogen	storage	characteristics	are	observed	between	some	research	groups	and	the	importance	in	
understanding	of	 the	 influence	of	microstructure	and	strain	 in	 the	original	 state.	For	example,	 the	










does	not	have	an	excessive	 influence	on	 the	underlying	 film,	which	could	have	been	 the	case	 (for	
example	ion	implantation,	shot	peening	or	other	stress	related	effects).		
The	 hydrogen	 absorption	 behaviour	 of	 these	 films	 showed	 differences	 in	 both	 the	 XRD	
patterns	as	well	as	the	hydrogen	uptake,	which	were	not	related	to	each	other	(i.e.	the	intensity	of	
the	MgH2	 peak	 was	 not	 coincidental	 with	 the	 amount	 of	 hydrogen	 observed	 physically	 from	 the	
desorption	behaviour).	This	behaviour	has	previously	been	reported63	and	suggests	that	there	is	most	
likely	a	difference	in	the	absorption	thermodynamics	of	this	phase	change,	which	would	be	due	to	a	
combinative	 mechanism	 of	 intrinsic	 stress	 release,	 porosity	 occupation,	 elastic	 and	 finally	 plastic	
deformation	behaviour.	As	the	films	were	loaded	in	isobaric	conditions,	the	difference	in	Gibb’s	free	
energy	for	nucleation	and	growth	of	the	phase	would	be	different	if	the	system	plateau	pressure	was	




analysis	 was	 developed.	 With	 this	 analysis	 and	 evidence	 from	 supporting	 literature,	 an	 example	
isotherm	 was	 constructed	 of	 the	 effects	 of	 mechanical	 constraints	 depending	 on	 hydrogen	
concentration.	 To	 complement	 this	 analysis,	 the	 desorption	 behaviour	 of	 the	 films	 also	 showed	 a	
thermodynamic	difference.	The	complex	addition	of	the	absorption	mechanisms	must	also	play	a	role	
in	 the	desorption	process.	 This	 complex	 interplay	between	 the	 intrinsic	 stress,	microstructure	and	
elastic/plastic	behaviour	will	all	 factor	 into	the	resulting	desorption	plateau	pressure(s).	Therefore,	























boundaries	 and	 the	 mechanical	 response	 of	 Mg.	 A	 similar	 approach	 has	 been	 used	 for	 the	
identification	of	phase	transitions	in	Pd	nano-cubes145.	
	 Moving	 further,	 the	effect	of	using	different	substrates	was	also	 investigated.	This	has	not	
been	 studied	 for	 thin	 films	 of	 magnesium.	 By	 using	 different	 crystalline	 orientations	 of	 different	
substrates,	 films	were	 deposited	with	 the	 same	 conditions	 as	 before.	 The	 results	 indicated	 some	
difference	 in	 the	 intensity	 of	 the	 Mg	 (002)	 diffraction	 peak.	 This	 suggests	 a	 different	 growth	
	 178	





















stress.	 This	would	 ideally	minimise	 the	plastic	 deformation	effect	 and	allow	 the	elastic	 interactive	
effects	 to	become	dominant,	and	more	 importantly,	 reversible.	 In	addition,	 the	experiment	would	
allow	for	interpretation	of	the	effects	of	stress	on	the	kinetic	loading	behaviour.	Three	trial	systems	
were	 deposited	 onto	 PEEK	 substrates:	 PEEK/Mg/Pd,	 PEEK/Mg/Ti/Pd	 and	 PEEK/Ti/Mg/Ti/Pd.	 The	
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resultant	XRD	patterns	were	 inconclusive	 in	 revealing	any	structural	properties	of	 the	 films	on	 the	
substrates,	due	to	the	large	amorphous	hump	caused	by	the	underlying	PEEK	substrate.	In	addition	to	
this,	the	hydrogenated	samples	could	not	be	examined	using	XRD	due	to	their	curved	nature,	bought	






conclusion	would	be	 that	 the	desorption	branch	of	 the	hysteresis	 is	 far	 lower	 than	normal.	This	 is	
further	supported	by	the	separation	of	3	TPD	peaks	in	the	desorption	trace.	As	the	specimen	for	the	
sample	was	a	traditional	dogbone	tensile	test	size,	the	formation	of	dislocations	in	given	regions	is	
preferable,	 such	 as	 at	 the	 neck	 of	 the	 sample.	 In	 these	 regions,	 the	 distribution	 of	 biaxial	 force	
becomes	 uneven	 and	 the	 will	 experience	 more	 or	 less	 stress	 depending	 on	 its	 location.	 The	









m3	 for	 a	 200	 nm	 film	 thickness.	 So,	 one	 must	 ask	 what	 is	 the	 thickest	 structure	 that	 can	 be	




requirements	 for	 the	 storage	 system	would	be	only	 just	greater	 than	 those	 required	 for	pure	Mg.	
Apart	 from	 an	 application	 as	 hydrogen	 storage	 media,	 one	 may	 consider	 an	 application	 as	 a	
mechanical	sensor	for	hydrogen.	The	bending	of	the	thin	film	system	due	to	sorption	reactions	could	
lend	itself	to	a	mechanical	switch.	Other	sensor	designs	are	based	on	optical	or	resistive	methods.	














































Further	 developments	 in	 our	 understanding	 of	 the	 interaction	 of	 hydrogen	 with	 materials	 under	










to	 a	 different	 shape,	 which	 would	 induce	 a	 stress	 into	 the	 material.	 In	 addition,	 much	 thinner	
substrate/film	 combinations	 could	 be	 used	 that	 would	 make	 this	 system	 feasible	 for	 storage	
applications.	
With	 regards	 to	 multilayers,	 the	 understanding	 of	 lattice	 mismatch	 between	 layers	 could	 be	 an	
effective	route	forwards	towards	destabilisation	of	hydrides	assuming	that	a	coherent	interface	can	
be	maintained	between	layers.	The	work	displayed	on	yttrium	films	can	be	further	optimised	to	look	
at	even	thinner	layers	to	reveal	any	relationships	between	HCP	and	FCC	phases.	In	addition,	further	
research	using	in	situ	methods	would	be	more	useful	here,	as	it	would	show	the	phases	of	yttrium	
hydride	produced.	This	would	help	to	make	a	more	complete	conclusion	regarding	this	chapter.	
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